This paper describes the behavior of concrete bridge decks reinforced with newly developed high-perfonnance (HPJ steel that is characterized by its high strength mId enhanced corrosion-resistance in comparison with conventionaL ASTM A6JS-06 Grade 60 steel. The study presented herein included testing of three full-scale bridge decks with a span-depth ratio of 12.5. The first and second decks were constructed with the same reinforcement ratio using HP and Grade 60 steel, respectively. The third deck was reinforced with HP steel using 33% less reinforcement in an attempt to use its high strength. A nonlinear finite elemen t model was used to predict the mode offailure alldfailure loads. Test results demollstrate that the use of HP steel at a reduced reinforcement ratio is viable as flexural reinforcemellt in concrete bridge decks. The paper also presents the test results of specially-designed specimens to study the effect of bending of HP steel bars on their tensile strength.
INTRODUCTION
Bridge decks are frequently subjected to severe environmental conditions that often lead to serious corrosion problems. The use of high-performance (HP) steel could help ' to mitigate corrosion problems due to its enhanced corrosion resistance. In addition, HP steel has hiyher strength compared with conventional ASTM A615-06 Grade 60 steel. Therefore, by using HP steel, the amount of required reinforcement cou ld be considerably reduced. Reducing the amount of steel will alleviate reinforcement congestion and improve concrete placement. Steel that conforms to ASTM A 1035-07 2 was selected fo r thi s study because of its high-strength and enhanced corrosion resistance in comparison to conven tional ASTM A615-06 1 Grade 60 steel. This paper is a part of a co mprehensive study to investigate the structural behavior of HP steel for bridges. The work presented in this paper examined the behavior of bridge deck slabs and the strength of bent bars required for certain details. The experimental program presented in this paper consisted of two phases. In the first phase, three full-scale bridge decks with a span-depth ratio of 12.5 were tested to evaluate the structural perfonnance of bridge decks reinforced with HP steel as main flexu ral reinforcement in comparison with the use of conventional Grade 60 steel. In the second phase, four specially-designed specimens were tested to assess the effect of bending on the tensile strength of HP steel bars.
RESEARCH SIGNIFICANCE
Recently, many state transportation departments have begun to use HP steel as a direct replacement for conventional Grade 60 steel in concrete bridge decks. 3 However, the behavior of concrete bridge decks reinforced with this novel steel is not well defined. This study is an attempt to use the high strength characteristics of HP steel in concrete bridge 78 decks. In addition, the study evaluates the effect of bending on the tensile strength of HP steel bars.
PHASE I: CONCRETE BRIDGE DECKS Test specimens
A total of three full-scale bridge decks were considered in this study to examine the flexural limit state behavior, including the mode offailure. The three decks were designed to be identical in all aspects except for the type and amount of steel used in each. All three bridge decks consisted of two spans and double canti1evers, supported in composite action by three precast, post-tensioned concrete girders having cross-sectional dimensions of 24 x 10 in. (610 x 254 mm). The overall nominal dimensions of the bridge decks were 21 ft-IO in. X 13 ft-2 in. x 8-5/8 in. (6655 x 4013 X 220 mm) with a span-depth ratio of 12.5. The supporting girders were posttensioned using deformed prestressing bars of I in. (25 mm) diameter with an ultimate strength of 150 ksi (1034 MPa). Each girder was prestressed by four bars resulting in a total prestressing force of 360 kips (1601 kN) per girder. Posttensioning was used to prevent the girders from torsional cracking so as to maintain their torsional stiffness throughout the test. The girders were designed so that their torsional stiffness was similar to that of the steel bridge girders of an actual bridge that was built in Johnston County, NC, in 2004 using HP steel. 3 The first and third bridge decks were reinforced with HP steel, whereas the second bridge deck was reinforced with conventional Grade 60 steel for comparison purposes. The test matrix is given in Table I , and the reinforcement details for the three bridge decks are shown in Fig. I . It should be noted that the reinforcement ratio p is calculated using the total slab thickness. The first and second bridge decks were constructed with the same reinforcement ratio using HP and conventional Grade 60 steel similar to that used in the bridge bu ilt in Johnston County, NC, in 2004 3 The th ird bridge deck, however, was rein forced with HP steel using only 2/3 of the reinforcement ratio used for the first two decks. The reduction in the amount of steel is based on a selected yield strength of 90 ksi (621 MPa), which is within the linear behavior of the HP steel and less than the yield strength of 120 ksi (827 MPa) determined according to the 0. 2% offse t method specified by ASTM A370-07 4 It should be noted that only the transverse steel was reduced because the deck is continuous in this direction where primary bending occurs.
Material properties
The three bridge decks were constructed using normalweight concrete with average compressive strengths at the day of testing for the three bridge decks of 4500, 5300, and 7000 psi (31, 36, and 48 MPa). The concrete compressive strength was determined using 4 x 8 in. (102 x 204 mm) concrete cylinders cast for each deck and cured under the same conditions as the deck. Tension coupons of HP and Grade 60 steels were tested according to ASTM A370-07
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The stress-strain characteristics of the HP and Grade 60 steel are shown in Fig. 2 . The HP steel reinforcing bars exhibited a linear stress-strain relationship up to 100 ksi (689 MPa) followed by a nonlinear behavior up to an ultimate strength of 173 ksi (1193 MPa). According to the ASTM A370-07 4 ,.", offset method (0.2% offset), the yield strength was determined to be 120 ksi (827 MPa). The initial modulus of elasticity was 29,000 ksi (200 GPa). followed by a nonlinear behavior and reduction in the modulus of elasticity when the stress exceeded 100 ksi (689 MPa). The yield strength of the Grade 60 steel was determined to be 68 ksi (469 MPa).
Test setup and instrumentation
Two 440 kips (1957 kN) capacity hydraulic actuators were used to simultaneously apply a concentrated load to each span to simulate the effect of truck wheel loads. Two 10 x 20 in.
(254 x 508 mm) steel plates of I in. (25 mm) thickness were used to transfer the loads from the actuators to comply with the AASHTO Specifications s for tire contact area. A 112 in.
(13 mm) thick neoprene pad was placed under each loading plate to prevent possible local crushing of the concrete. The supporting girders rested on concrete blocks to transfer the applied loads to the strong floor resulting in a clear span of 96 in. (2438 mm). The clear span of supporting girders was determined based on the equivalency of the torsional stiffness of the supporting girders to that of the steel girders used in the actual bridge. Figure 3 shows an isometric view of the test setup and a photograph of the first bridge deck before testing.
A total of 72 channels of instrumentation were used on each bridge deck. A 550 kips (2447 kN) capacity load cell was mounted to each actuator to measure the applied load. Twenty-four string potentiometers (string pots) were used to measure the deflection profiles of the bridge deck along the longitudinal and transverse directions. In addition, six linear potentiometers were used to measure the deflections and rotations at the midspan of each girder. Twenty wire arch strain gauges (refer to Fig. 4(a) ) were used to measure the concrete stra.in at various locations, Twenty electrical resistance H{IIl) . strain gauges of 120 ohm and 0.24 in. (6 mm) gauge length were attached to selected reinforcing bars to detennine the strains in these bars. Data were electronically recorded by a data acquisition system. Figure 4 shows the locations of the wire arch strain gauges used and establishes the notation used hereafter.
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Test results
Test results were analyzed to critically examine the performance of bridge decks reinforced with HP steel as main reinforcement compared with the behavior of bridge decks reinforced with Grade 60 steel. Detailed test results can be found elsewhere 3
Load-deflection behavior-The three bridge decks were subjected to loading and unloading to load levels of 50. 100, and 150 kips (222, 445, and 667 kN) per span, and then to failure. The load-deflection envelopes up to failure for the three tested bridge decks are shown in Fig. 5 . It should be noted that the deflections shown in Fig. 5 are measured at the center of the respective deck span directly under the applied load. It can be seen from Fig. 5 that the first bridge deck reinforced with HP steel using the same reinforcement ratio as used for the actual bridge exhibited smaller deflections than that of the other two bridge decks at the same load level. The slightly higher stiffness of the first deck is likely due to the higher concrete compressive strength and to the higher strength of HP steel. Despite the lower reinforcement ratio used for the third bridge deck (33% less than that of the first two decks), it was capable of achieving the same ultimate load-carrying capacity as the second bridge deck reinforced with the Grade 60 steel. This behavior is attributed to the higher tensile strength of HP steel. The slight increase of the deflection measured for the third bridge deck compared with the second deck is due to the use of less steel and to the slight reduction of the modulus of elasticity of HP steel at high stress levels.
The deflection profiles along the transverse direction for the right span of the second and third bridge decks are shown in (zero load). The deflection profiles indicate that the maximum deflection occurred at midspan under the applied load. The deflection profiles also show that the deflection behavior of the deck reinforced with reduced amount of HP steel is very similar to that of the deck reinforced with conventional Grade 60 steel.
...,.0:5 t---------------t 13-.!. Deflection profiles in the longitudinal direction for the right span of the second and third bridge decks are given in Fig. 7 . It should be noted that the deflection profiles are plotted for the final loading cycle only. Accordingly, the deflections shown in Fig. 7 include the residual deflections from previous loading cycles. The longitudinal deflection profiles demonstrate the curvature in the longitudinal direction, implying the two-way flexural behavior of typical bridge decks under concentrated loads. In addition, the deflection profiles illustrate that the deflection at the edge of the decks was very small. This indicates that selection of the length of the test models is adequate for carrying the total load and, therefore, representative to typical bridge decks.
Crack pattern-No cracks were observed up to a load level of 50 kips (222 kN) for any of the three bridge decks. The first visible top cracks occurred at a load level of approximately 60 kips (267 kN) for each deck. According to the AASHTO Specifications,5 an axle of the design truck consists of a pair of 16 kip (71 kN) wheel loads spaced 6 ft (183 mm) apart. Therefore, at a load level of21 kips (93 kN), which includes the dynamic allowance, the three bridge decks remained uncracked and the deflection at the service load level was identical for the three bridge decks. Therefore, reducing the amount of HP steel used in the third bridge deck did not alter the serviceability behavior.
As the radial crack pattern confirms the two-way mechanism under the effect of the concentrated applied loads. Further loading led to spreading and widening of the flexural cracks until the formation of flexural-shear cracks at the top surface of the deck close to the middle girder. The formation of the flexural-shear cracks led to a sudden drop in the load, as shown in Fig. 5 . The flexural-shear cracks, however, formed symmetrically on both sides of the middle girder of the first bridge deck and allowed an increase of the load and finally failure of the deck by punching shear in both spans. For the second and third bridge decks, the flexural-shear crack occurred only on the left side of the middle girder. This allowed the load to increase until failure occurred due to punching shear in one of the spans only.
Mode aftailure-Due to the selection of sufficient length of the test model, the behavior of the bridge decks under the effect of the concentrated loads was two-way flexural mechanism followed by development of an arching action supported by membrane forces developed in the bottom layer of the reinforcement. Due to the continuity used in the test models, at the measured first peak of load for the first bridge deck, a sudden drop in the load resistance occurred due to the formation of the flexural-shear cracks along the top surface of the bridge deck on both sides of the middle girder. Further loading caused widening of those cracks associated with a slight increase in the load resistance until punching failure occurred under the applied concentrated loads. Punching failure of both spans occurred almost simultaneously at load levels of 229 kips (1019 leN) and 216 kips (96 1 leN) , and corresponding deflections of 1.8 in.
(46 mm) and 1.6 in. (41 mm) for the left and right spans, respectively. Figure 9 shows the first bridge deck at the conclusion of the test, where the punching areas under the loads and the shear cone at the bottom of the left span can be seen.
The behavior of the second bridge deck, reinforced with Figure 10 shows the second and third bridge decks at failure, where the punching area under the applied concentrated load at midspan and the flexural-shear crack formed within the vicinity of the middle girder are clearly visible.
Strain in concrete and steel-Based on the deformations measured by the wire arch strain gauges, concrete compressive strains were determined. Concrete strain is plotted for the final loading cycle only and hence includes the residual strain developed in previous loading cycles. The strain 82 obtained from the wire arch strain gauges located in the right span of the three bridge decks 14 in. (356 mm) from the centerline of the deck (T6 in Fig. 4(a) ) are shown in Fig. 11 . The measured strain from the second deck indicates that the observed by others to cause punching shear failure 6 -8 The first and third bridge deck compressive strains exceeded this value, however, reaching values of 0.0031 and 0.0036, respectively. To explain th is behavior, thc strain in the reinforcing steel has to be investigated. The steel strains were measured using conventional electrical strain gauges attached to the reinforcing bars before casting. The strains measured in the bottom transverse steel bars of the right span of the first and second bridge decks are shown in Fig. 12 . The steel strains are shown for the final loading cycle only, and therefore include residual strains developed in previous loading cycles. It can be seen from Fig. I2(a) that the steel bar at midspan of the first bridge deck did not reach the yielding strain of HP steel bars, as defined previously. On the other hand, Fig. 12(b) shows that the strain in the bar located at midspan of the second bridge deck exceeded the yielding strain of Grade 60 steel. Collected data from the various strain measurements indicate that yielding was very localized in the vicinity of the concentrated load 3 It is well established that the concrete in the vicinity of the shear cone is under a triaxial state of stress. 6 -8 For the second bridge deck, the steel in the vicinity of the punching cone had yielded before failure. Therefore, the steel bars were no longer restraining the concrete, and failure occurred when the concrete reached its peak stress at a corresponding strain of 0.002. For the first and third bridge decks, the transverse and longitudinal compressive stresses were con tinuously increasing up to failure because the steel in the vicinity of the punching cone did not yield. Therefore, the steel bars were still restraining the concrete and the concrete was still intact, thus maintaining the aggregate interlock across the shear crack. Consequently, the measured concrete strain was still increasing until the concrete crushed in the vicinity of the shear crack at a strain level much higher than 0.002, reaching values of 0.0031 and 0.0036 for the first and third bridge decks, respectively.
Predicted punching capacity-The predicted punching shear strengths for the three bridge decks according to two different design codes are summarized along with the measured values in Table 2 . The design codes presented in Table 2 are the AASHTO Specifications S and ACI 318-05 . 9 The design equations used for the predictions are Units in kips and in.
Units in Ib and in. (2) where Ve is the punching shear capacity of bridge deck; P e is the ratio of long side to short side of loading plate; fe' is the concrete compressive strength; b o is the perimeter of critical section at a distance of d/2 from loading plate; d is the effective section depth; and r:J. s is the constant.
It is clear from Table 2 that the predicted values according to the AASHTO and ACI 318-05 design codes compare very well to the measured values for bridge decks reinforced with HP and Grade 60 steel.
ANALYTICAL MODELING
The three bridge decks tested in this study were analytically modeled using a finite element analysis program. 10 The concrete material model is based on the smeared cracking model. II As stated in the program manual, this model is a mechanicsbased formulation using plasticity theory that permits incorporation of cracking and other concrete response, (890) characteristics. to Within the concrete constitutive model, cracking and all other forms of material nonlinearity are treated at the finite element integration points. Cracks are assumed to form perpendicular to the principal tensile strain direction in which the criterion is exceeded and they are allowed to form at each material point. When cracking , , .
- 84 occurs, the normal stress across the crack is reduced to zero and distribution of stresses around the crack is recalculated. Concrete modeling also included residual tension stiffness for the gradual transfer of load to the reinforcement during crack formation. In addition, the program accounts for the reduction in shear stiffness due to cracking and further decay as the crack opens. The reinforcement is modeled as individual sub-elements within the concrete elements. The stiffness of the bar sub-element is superimposed on the concrete element stiffness in which the bar resides. The anchorage loss is modeled as an effective stiffness degradation of the bar as a function of the concrete strain normal to the bar.
A three-dimensional analysis was conducted for the three bridge decks using 20-node hexahedral continuum elements with quadratic isoparametric displacement interpolation. Only 114 of the deck was modeled due to its symmetry about both axes. A convergence study was conducted including mesh size (number and size of elements) and loading increment. The depth of the deck was di vided into five layers within its thickness with a total number of elements of 1040 for the deck and supporting girders, as shown in Fig. l3(a) .
Analytical results
The predicted and experimental load-deflection envelopes for the three bridge decks are compared in Fig. 13 . It can be seen that the predicted load-deflection behaviors of the three bridge decks compared very well with the measured values. The initial and post-cracking stiffness were accurately predicted by the analytical model. Tn addition, the ultimate load was also reasonably predicted considering the fact that the two spans of the second and third bridge decks failed in two different modes. The predicted ultimate deflections, however, were slightly less than the experimental values, which is due to the fac t that the program was terminated when the concrete strain in the compression zone reached the value of 0.003. For validation purposes, the portion of the first bridge deck that failed due to punching shear was cut using a concrete saw to reveal the failure mode, as shown in Fig. 14(a) . The strain contours shown in Fig. 14(b) depicting the punching shear cone match very well to the actual failure mode.
PHASE 11: TENSILE STRENGTH OF HIGH-PERFORMANCE STEEL BENT BARS Test specimens and test setup
A specially-designed specimen was used to evaluate the effect of bending HP steel bars on their tensile strength; the specimen used is shown in Fig. 15(a) Grade 60 stirrups to prevent premature failure . The blocks were cast using wooden forms that were special1y designed to accommodate the anchored ends and temporarily braced to prevent bending of the exposed portion of the bar between the two blocks before testing. Two different configurations were used to debond the steel from the concrete within the same specimen. In the first configuration, the stirrup was completely debonded in the left concrete block by using thick rubber tape. In the second configuration, only the straight portion of the stirrup was debonded in the right concrete block to transfer the tension force directly to the bent portion of the bar. This study is a continuation of a previou s study 12 that was conducted in 2002 at North Carolina State University using the same specimen. In the previous study, only the straight portions of the stirrups were debonded rather than debonding the entire U-shaped section of the bar for the specimens reported in this paper. Debonding of the entire U-shaped portion allows relative movement of the bar with respect'to the concrete. This movement allowed pure testing of the bent bars rather than representing typically bonded bars and stirrups used for the relative displacement between the two blocks. The hydraulic jack and the load cell were centered between the two branches of the stirrup to ensure equal distribution of forces in each branch. An axial mechanical extensometer of 2 in. (S 1 mm) gauge length was mounted on the exposed portion of the stirrup to measure the elongation during loading. A data acquisition system was used to electronically record the readings of the load cell, the potentiometers, and the extensometer.
Test results
Failure of all the specimens for both bar sizes occurred at the bent portion of the stirrup that was debonded from the concrete in Ule left block, as shown in Fig. 16(a) . This failure location was confinned by visual inspection after sawing the concrete blocks at the location of failure as shown in Fig. 16(a) . It should be noted that failure of the specimens tested in the previous study l2 (with bonded bends) occurred at the exposed straight portion of the stirrup, as shown in Fig. 16(b) . the bonded and debonded bent bars indicate that their behavior is sintilar to the bonded bars, including the linear and nonlinear behavior up to a strain value of 1.5%. Testing of the debonded bent bars, however, emphasizes the induced residual strains due to bending of the bars that reduced both the strength and the strain at ultimate. This behavior reflects the well-established phenomenon of the stress concentration at the bend location due to the bending process. It should be mentioned that in actual structures, bent bars are always bonded to the concrete, enabling them to reach the ultimate stress and strain of straight bars as reported previously.12 Based on these tests, the results suggest that HP steel bars can be bent up to 90 degrees without affecting their ultimate strength or strain, provided the bend is fully encased and bonded to concrete.
CONCLUSIONS AND RECOMMENDATIONS
In light of the test results, the following conclusions can be drawn:
I. The ultimate load-carrying capacity of the three bridge decks investigated in this study was on the order of 10 times the service load prescribed by the AASHTO Specifications 5 ; 2. Punching shear was the primary mode of failure for the three bridge decks. Due to continuity used in the test models, flexural-shear failure was observed as a secondary mode of failure;
3. The cracking load of the three tested bridge decks was more than twice the service load prescribed by the AASHTO Specifications 5 Hence, under service load level, the three bridge decks behaved as uncracked sections. Therefore, using 33% less HP steel should not alter the serviceability behavior of concrete bridge decks;
4. The bridge deck reinforced with 33% less HP steel developed the same ultimate load-carrying capacity as that reinforced with Grade 60 steel. This performance is attributed to the higher strength of HP steel compared with Grade 60 steel; and S. Behavior of bonded HP steel bent bars is sintilar to the behavior of straight bars. Debonded bent bars exhibit sintilar behavior to straight bars, including the linear and the nonlinear behavior up to a strain of 1.5%. Its ultimate
